The pore structure of coke is one of the factors governing coke strength. As a step toward technology development to control the coke pore structure, we observed the behavior of coal thermoplastic layers in which coke pores are formed using our newly developed technique with sole-heated oven and μ-focus Xray CT.
Introduction
In a blast furnace operation, the decline in gas and liquid permeability in the furnace causes the operational efficiency to deteriorate markedly. Since coke serves as a spacer for maintaining the gas/liquid permeability required in the blast furnace, coke strength is an important parameter of blast furnace operational efficiency. On the other hand, the price of hard coking coal, which is used as the principal raw material for high strength coke, has been increasing as its reserves have been depleting. From the standpoint of effectively utilizing coal resources and cutting coke production costs, there is a growing demand for development of new technology for manufacturing high strength coke using large proportions of slightly caking coal.
Coke is a brittle material. Its strength is considered to be governed by two factors-matrix properties and defects. 1) Concerning the matrix properties of coke, it has been reported that there is no significant difference in Young's modulus and Vickers hardness of the matrix between coke obtained from a hard coking coal and coke obtained from a slightly caking coal. [2] [3] [4] In general, coke produced from hard coking coal is higher in strength than that produced from slightly caking coal. Therefore, defects, not matrix properties, are considered to be main factor governing coke strength.
Pores can also be considered as one of the defects that govern coke strength. There are many reports on the relationship between coke pore structure (i.e., pores and pore walls) and coke strength, which suggest that coke strength depends on coke pore structure considerably. 1, [5] [6] [7] [8] [9] [10] [11] Therefore, to manufacture high strength coke using large proportions of slightly caking coal, it is considered effective to develop technology for controlling coke pore structure that has a close connection with coke strength. To that end, it is necessary to clarify the behavior of the coal thermoplastic layer in which the coke pore structure is formed.
Examples of observation of coal thermoplastic layers, there are reports on an experiment on the carbonization of single coal particles 12) and experiments on the carbonization of coal packed bed. [13] [14] [15] [16] In the experiment on carbonization of single coal particles, 12) the effects of coal type and heatup rate were studied. However, under experimental conditions in which coal was allowed to expand freely, the pore size became excessively large. Thus, the behavior of coal particles under the experimental condition is clearly different from that of the coal packed bed in a coke oven under the condition in which it is constrained by oven walls. In the experiments on carbonization of a coal packed bed, the coal packed bed being carbonized was rapidly cooled and resin-embedded, and polished samples of the coal were observed under an optical microscope 13, 14) or the coal layer ISIJ International, Vol. 54 (2014), No. 11
being carbonized was observed in-situ by X-ray CT for medical use. 15, 16) However, the above observation of resinembedded and polished coal specimens under an optical microscope had the problem of a wide temperature interval between the images of the resin-embedded and polished specimen (temperature interval: 40°C), and the in-situ observation using X-ray CT for medical use had the problem of a low-image resolution (shooting time: 9 sec, image resolution: 0.5 mm/pixel). Therefore, the behavior of the coal thermoplastic layer in which coke pore structure is determined has not been clarified in detail.
The best approach is in-situ observation using X-ray CT of high-image resolution. However, it is necessary for highimage resolution of X-ray CT to increase the shooting time by several tens of minutes and close the distance from the X-ray source to the sample under 100 mm. Therefore, by a problem of space of furnace in X-ray CT and long shooting time, in-situ observation using X-ray CT of high-image resolution can't be realized.
We developed a technique to observe the thermoplastic layer of coal using a sole-heated oven and μ-focus X-ray
CT. This technique is observation of sample quenched during carbonization using μ-focus X-ray CT of high-image resolution (shooting time: 20 minutes, image resolution: 9.1 μm/pixel, 50 times of the image resolution of medical X-ray CT). It is possible to observe about not only porosity but also the pore density and average pore size of coal thermoplastic layers using the developed technique. This paper describes the results of observation of thermoplastic layers of single coal using the developed technique.
Experimental Procedure
The properties of the coking coal used in the experiment are shown in Table 1 .
Schematic diagram of the sole-heated oven used to prepare specimens for observation is shown in Fig. 1 . This oven has a heating unit at the bottom to heat the coal packed bed. It is provided with a metallic retort (90 mm in diameter), into which a heat insulator tube (75 mm ID × 30 mm H) is inserted. First, coal crushed into -3 mm 100% was fed into the heat insulator tube at a charging density (d.b.) of 800 kg/m 3 . Then, the top of the charged coal layer was fixed with a piston to prevent the free upward expansion of coal in the carbonization process. Figure 2 shows a cross section of the charged coal layer perpendicular to the heating wall. A paper cylinder (20 mm ID × 30 mm H) covered with a heat insulator was inserted into the center of the coal bed, so that only the sample in the paper cylinder could be taken out as a sample for observation. In addition, four thermocouples were inserted into the charged coal bed along the height to measure the temperature inside the coal bed. Figure 3 shows the changes in oven temperature and sample temperature during the carbonization process. The oven temperature was raised to 800°C at a heat-up rate of 20°C/min and was maintained at 800°C thereafter. When the sample temperature at a point 25 mm from the bottom reached 350°C approximately 1 h after the retort was put into the oven, the retort was taken out from the oven with the piston on top of the sample kept in its place. Figure 4 shows the change in temperature of the coal layer during the cooling process. If the coal is retained in its thermoplastic temperature range for many hours, the condition of thermoplastic layer may change. Therefore, cooling water was poured into the retort immediately after it was taken out from the oven. After the cooling was started, the sample temperature at a height of 15 mm from the sample bottom, corresponding to the thermoplastic layer decreased from 435°C to 300°C in about 1 min and further decreased to 100°C in about 2 min. The cooling rate (i.e., average cooling rate for 2 min after start of cooling) was 160°C/min to minimize the influence of the cooling process. Figure 5 shows the relationship between sample temperature and distance from sample bottom. By applying rapid cooling, a sample having a sufficient gradient in attained temperature-350°C at top and 550°C at bottom-was prepared. After water cooling, the sample was dried with a dryer, and only the sample in the paper cylinder (20 mm ID × 30 mm H) covered in heat insulator was taken out from the dried sample for X-ray CT observation. When the distance from the X-ray source to the detector is fixed, the resolution of the μ-focus X-ray CT can be changed by varying the distance from the X-ray source to the sample. Namely, the shorter the distance between the sample and X-ray source, the higher the enlargement rate and space resolution. To improve the enlargement rate and space resolution, or shorten the distance from the X-ray source to the detector, only the heated sample in the paper cylinder (20 mm ID × 30 mm H) was subjected to CT photography (the sample size for CT photography was reduced).
Using the μ-focus X-ray CT (Toshiba IT & Control Systems Corporation, TOSCANER-32 250 μhd), for each sample 30 mm in height, about 1 300 CT cross-section images parallel with the heating wall were taken. The X-ray irradiation conditions were as follows: tube voltage 180 V and tube current 70 μA. The number of pixels of each crosssection image was 1 024 × 1 024. The resolution was 9.1 or 20.0 μm/pixel, and the slice pitch was 26 μm (0.15°C in terms of attained temperature). Coal A was subjected to a carbonization test twice, and samples were cut perpendicular to the heating wall, embedded in the resin and polished to obtain microphotographs that were compared with the CT cross-section images. In addition, through an analysis of the obtained CT cross-section images, the porosity at each attained temperature was calculated. For several of these images, the pore density and average pore size were also calculated. The image analysis software used was WinROOF Ver. 5.7.2 (product of Mitani Corporation). In this paper, the term "porosity" refers to interparticle space and pores, other than coal particles, coke, and ash. Figure 6 shows a CT cross-section image of a coal layer parallel with the heating wall. The brightness varies according to density. Namely, the portion having a higher density appears closer to white. In this particular image, the white portion is ash; the gray portion, coal particles; and the black portion, voids between particles. Figure 7 shows a CT cross-section image and optical micrograph of a specimen perpendicular to the heating wall. The CT cross-section image of a coal/coke layer perpendicular to the heating wall was prepared by stacking coal layers parallel with the heating wall. In this image, the upper part is a coal layer; the middle part, a thermoplastic layer; and the lower part, coke. There is no significant difference between these two images, indicating that coal thermoplastic layers can be observed nondestructively. Thus, it may be said that the μ-focus X-ray CT that permits obtaining many cross-section images is an effective technique to observe coal thermoplastic layers. Figure 8 shows CT cross-section images in the temperature range of 400°C-490°C in increments of 10°C. It is possible to observe the pore formation process during coal softening and resolidification in detail. Although, the incre- ment of temperature is 10°C in Fig. 8 , the actual increment used was approximately 0.15°C (slice pitch: 24 μm). Figure   9 shows the temperature dependence of dilatation obtained with a dilatometer (JIS M 8801) and the porosity obtained by an image analysis of CT cross-section images. It can be observed that the porosity increases or decreases with the rise in temperature. A similar change in porosity has been reported in a paper on in-situ observation of a coal layer during carbonization using X-ray CT for medical use. 15, 16) Although our technique is cold observation using rapidly cooled samples during carbonization, it presented a change in porosity quite similar to that obtained by the above in-situ observation and preserved the condition of coal sample during carbonization fairly well. Therefore, we consider the observation technique to be valid. As shown in Fig. 9 , the minimum porosity temperature, T 1 , is nearly the same as the maximum contraction temperature measured in the dilatometer test. And the maximum porosity temperature, T 2 , is 10°C temperature lower than the maximum dilatation temperature measured in the dilatometer test.The temperature at which the change in porosity almost disappeared is nearly the same as the maximum dilatation temperature measured in the dilatometer test. From the result of our observation of thermoplastic layers using the newly developed technique using sole-heated oven and μ-focus X-ray CT, it was found that the thermoplastic layer of coke goes through four processes: 1) initial process of pore formation, 2) initial softening process whereby the growth of pores, the expansion of coal, the filling of voids between particles, and the decrease in porosity occur, 3) intermediate softening process whereby the porosity becomes maximum, and 4) final softening process (resolidification process) whereby the pore size and porosity decrease. These four processes have also been reported in papers on optical microscopic observation of resin-embedded and polished specimens of coal thermoplastic layers during carbonization. 13, 14) With our technique, however, it is possible to make a more detailed observation of coal thermoplastic layers with a smaller increment of temperature. Figure 10 shows an image of a pore produced from the inside of a coarse particle. In the coal layer before softening, the porosity remained the same. At a temperature around 423°C, pores began to occur in coarse particles over 1 mm in diameter. In smaller particles less than 1 mm in diameter, pores began to form at a temperature approximately 10°C higher than in the case of coarse particles. Thus, it was found that the temperature at which pores begin to form varies according to the size of coal particles. In the case of coarse particles of coal, the gas generated by thermal decomposition is trapped within the particles, whereas the same gas is easily dispersed outside the small particles. Figure 11 shows images of the initial softening process in which the growth of pores, the expansion of coal, the filling of interparticle space, and the decrease in porosity occur. Figure 12 shows the changes in pores in particles and interparticle space in the above process. The pores in particles and the interparticle space were visually discriminated from each other. After the formation of pores from the inside of coarse particles, the size of pores in perticle increased with the rise in temperature. As coal particles expanded, the interparticle space decreased, and the coal particles began to stick to one another. The some cracking in the figure are caused by a thermal stress during rapid cooling of the specimen, not in carbonization.
Results and Discussions

17)
The porosity calculated in the image analysis includes both the interparticle space and the pores in particles. Assuming that the coal density in the imaged area is constant, the pores in particles increase as the interparticle space, remaining the same porosity. However, the porosity decreases, and the bulk density of coal in the imaged area increases. Figure 13 shows the schematic diagram of coal thermoplastic layer. In the observation samples prepared using the sole-heated oven, the coal layer, thermoplastic layer, resolidified layer, and coke layer exist at the same time as in the coke oven chamber. It is considered that the thermoplastic layer, which is sandwiched between the coal layer and resolidified layer, is caused to expand by the pressure of gas generated, thereby consolidating the initial softening layer having a low gas pressure toward the charged coal and the resolidified layer toward the heating wall, and that it expands its volume toward the space produced by a shrinkage of the coke layer near the heating wall. 14, [18] [19] [20] The Fig. 10 . Image of initial pore formation. a) pore formation from inside of coarse particle b) pore formation form inside of small particle. decrease in porosity in this temperature region is considered to have occurred as a result of the expansion and consolidation due to the gas pressure differential within the thermoplastic layer. Figure 14 shows images of the intermediate softening process in which the porosity becomes the highest. Figure  15 shows the changes in number density of pores and average pore size from the intermediate softening process to the resolidified layer. The number density of pores was obtained by dividing the number of pores 0.001 mm 2 or more in cross-sectional area by the photographed area, and the circle equivalent diameter calculated from the porosity and the number of pores was used as the average pore size. In the intermediate softening process, after the softening of all coal particles, number density of pores decreased gradually, and the average pore size increased markedly. It is known that gas pressure of small pores is high and gas pressure of large pores is low. 21) Therefore, it is thought that small pores were incorporated into large pores by pressure difference. 22) As a result, it is thought that decrease of number density of pores and increase of pore size had occurred. Ultimately, the large pores grow to several millimeters in size, larger than the average pore size of a coke layer, making the porosity high as well. As mentioned above, the reason is probably that the temperature region under consideration expands under the gas pressure, compressing the initial softening layer having a low gas pressure toward the charged coal and the resolidified layer toward the heating wall. Figure 16 shows an example of the image of the final softening process (resolidification process) in which the pore size and porosity decrease. The large pores that had occurred in the preceding process shrank, and small pores were newly formed within pore wall. As a result, the num- ber density of pores increased significantly. In the temperature region under consideration, the viscosity of softened coal increased, 23) suggesting that the growth of newly formed small pores and the unification of large pores did not occur. In coke layer, no marked changes in pore structure were observed.
It was thought that to fill the interparticle space by the expansion of coal is important. 24) Of course, to fill the interparticle space is important. However, by the new four stage mechanism of coal thermoplastic layer, the change in pore structure caused by the consolidation of resolidified layer is an important process that determines the coke pore structure. To control the coke pore structure, it is considered necessary to regulate the expansion and consolidation due to the gas pressure differential within the thermoplastic layer.
Conclusion
The coke pore structure is a factor governing coke strength. As a step toward technology development to control coke pore structure, we observed the behavior of coal thermoplastic layers in which a coke pore structure is formed using our newly developed technique with soleheated oven and μ-focus X-ray CT.
Coal packed bed sample was heated in the sole-heated oven, and then cooled rapidly after the sample temperature reached to 350°C at the top and 550°C at the bottom. After that, many cross-section images of the coal and coke layers were observed nondestructively and continuously by the μ-focus X-ray CT. With this technique, the following knowledge was obtained.
The thermoplastic layer of coke goes through the following four processes: 1) initial process of pore formation, 2) initial softening process in which the growth of pores, the expansion of coal, the filling of voids between particles, and the decrease in porosity occur, 3) intermediate softening process in which the porosity becomes maximum, and 4) final softening process (resolidification process) in which the pore size and porosity decrease.
With a given type of coal, firstly pores are formed inside the particles over 1 mm in diameter, while the pore formation inside the particles less than 1 mm occurs at approximately 10°C temperature higher than the temperature at which pore formation inside large particles.
In the future, it is expect to apply the newly developed observation technique to various single coals and clarify the effects of coal rank on the behavior of thermoplastic layers. In addition, when the influences of interaction between slightly caking coal and coking coal in a coal blend on the change of pore structure caused by consolidation in the resolidification process can be clarified by the above technique, it will lead to the development of technology for controlling coke pore structure that has a close connection with coke strength.
